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a b s t r a c t

Efficient and innovative nano-catalytic oxidation technologies offer a breakthrough in removing emerging

contaminants (ECs) from water, surpassing the limitations of traditional methods. Environmental func-

tional materials (EFMs), particularly high-end oxidation systems using eco-friendly nanomaterials, show

promise for absorbing and degrading ECs. This literature review presents a comprehensive analysis of

diverse traditional restoration techniques-biological, physical, and chemical-assessing their respective ap-

plications and limitations in pesticide-contaminated water purification. Through meticulous comparison,

we unequivocally advocate for the imperative integration of environmentally benign nanomaterials, no-

tably titanium-based variants, in forthcoming methodologies. Our in-depth exploration scrutinizes the

catalytic efficacy, underlying mechanisms, and adaptability of pioneering titanium-based nanomaterials

across a spectrum of environmental contexts. Additionally, strategic recommendations are furnished to

surmount challenges and propel the frontiers of implementing eco-friendly nanomaterials in practical

water treatment scenarios.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The distinguishing aspect of “emerging” in emerging contam-

inants (ECs) lies not merely in their novelty of synthesis but

rather in their recent discovery or heightened recognition due

to their potential ecological and human health threats. Regret-

tably, prevailing pollution treatment and environmental manage-

ment paradigms frequently disregard ECs, resulting in a failure

to mitigate associated environmental hazards [1,2]. The ECs com-

manding global attention primarily encompass endocrine disrupt-

ing chemicals (EDCs), persistent organic pollutants (POPs), antibi-

otics, and microplastics. In contrast to conventional pollutants, ECs

exhibit a spectrum of characteristics-diverse in type, pervasive in
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origin, resistant to degradation, prone to ecosystem accumulation,

and marked by enduring persistence in the environment and or-

ganisms. These inherent traits underscore the potential ecological

health risks they pose [3-5].

EDCs, exemplifying emerging contaminants, pervade multiple

spheres of human activity and production [6]. China, a key grain

producer, has historically employed common EDCs such as atrazine

(ATZ) as pesticides to manage herbaceous weeds in staple crops

like cotton, corn, soybean, rice, and wheat. Analysis conducted

across 28 sites within the Yangtze River Delta unveiled ATZ con-

centrations surpassing average European annual levels, with a

maximum concentration of 1726 ng/L, marking a 9.4-fold increase

from surface water detections [7,8]. Prolonged exposure to these

EDCs heightens the risk of reproductive disorders [9,10], cognitive

impairments [11], metabolic dysfunctions [12] and diverse cancers

[13]. Recent reports advocate a comprehensive health risk assess-

ment framework for EDCs, anchored in previously identified car-
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cinogenic attributes [14]. This framework hinges on the physical

and chemical properties of EDCs, integrating designated traditional

methods tailored to each property. These methods are broadly cat-

egorized into biological, physical, and chemical treatments. Simul-

taneously, ongoing advancements aim to optimize these treatment

techniques [15]. Concomitantly, the evolution of nanotechnology

has underscored the potential of environmental nano-catalytic ox-

idation technologies in effectively mitigating EDCs, representing a

significant departure from conventional methodologies [16].

This literature review meticulously delineates the mechanisms,

exemplars, and existing limitations of conventional treatment

methodologies using ATZ as a typical emerging contaminant. We

provide a concise summary of their contexts and delve deeply

into investigating whether the innovative nano-catalytic oxidation

technology, integrating EFMs can transcend the confines of these

established approaches. With a specific focus on titanium-based

nanomaterials, we scrutinize their environmental efficacy, catalytic

mechanisms, and scope for application. The core objective of this

article is aim to develop a more comprehensive strategy for green,

safe restoration techniques as well as actual engineering practice

inspired by the concept of “Sustainable-by-design” [17,18].

2. Traditional water treatment and restoration technology

2.1. Biological technique

The application of biological techniques, employing microorgan-

isms as the principal agents, is widespread in addressing envi-

ronmental organic pollutants. Global researchers have cataloged a

spectrum of microorganisms proficient in degrading ATZ pesticides,

with their specific degradation performances detailed in Table S1

(Supporting information) [19-26].

Microbial restoration techniques stand out for their versatility,

ease of operation, cost-efficiency, and minimal secondary environ-

mental impact. However, their effectiveness is hampered by the

susceptibility of microorganism growth to environmental variables

like temperature, salinity, and pH. Hence, the ongoing imperative

lies in identifying microorganisms demonstrating superior perfor-

mance and heightened environmental resilience.

2.2. Physical technique

2.2.1. Adsorption

Adsorption remains the predominant physical technique em-

ployed in wastewater treatment [27,28]. Utilized adsorbents typi-

cally exhibit a high specific surface area, facilitating the swift ad-

sorption of ECs from wastewater. Presently, adsorbents comprise

various materials including activated carbon, bio-carbon, agricul-

tural solid waste, industrial by-products, natural clay minerals, and

biological adsorbents. These adsorbents have showcased notable

effectiveness in the efficient removal of pesticide residues from

water [29,30].

Studies have demonstrated the effectiveness of polyaniline-

derived carbon (PDC) in adsorbing ATZ [31]. Scientific findings in-

dicate that PDC, produced via pyrolysis at 800 °C, exhibits a max-

imum ATZ adsorption capacity of 943 mg/g, surpassing active car-

bon (AC) by 7.7 times under similar conditions. Phosphorus-doped

biochar, derived from single-step pyrolysis of corn straw, demon-

strates a maximum ATZ adsorption capacity of 79.6 mg/g and re-

mains usable for up to 5 cycles [32]. Additionally, biochar with

smaller particle sizes significantly accelerates the attainment of ad-

sorption equilibrium, while lower pH levels exert a pronounced

influence. These observed trends align consistently with the Fre-

undlich model (Fig. S1 in Supporting information) [33].

2.2.2. Membrane filtration

Membrane filtration relies on membranes with diverse aper-

ture sizes to effectively filter and segregate substances based on

their size and thrust, a method extensively utilized in EDC re-

moval. Using polyamide micro/nano membranes for ATZ reten-

tion, standalone membranes exhibit a mere 17% removal effi-

ciency, which significantly escalates to 92.23% with the incorpo-

ration of functional layers crafted from chitosan/polystyrene sul-

fonate, particularly reaching this efficacy with 9 layers. Notably,

the introduction of humus displays minimal impact on mem-

brane properties, whereas the presence of Ca2+ substantially ham-

pers membrane performance [34]. Investigations employing com-

mercialized nano-filtration membranes for ATZ retention reveal

nanofiltration membrane 90 (NF90) as the most effective, achiev-

ing a removal efficiency of 95%, followed by nanofiltration mem-

brane 200 (NF200) and DK at 75%, while nanofiltration membrane

270 (NF270) maintains an approximately 60% removal efficiency.

Furthermore, heightened pressure significantly enhances the per-

formance of nano-filtration membranes (Fig. S2 in Supporting in-

formation) [35].

2.2.3. Coagulation/flocculation/precipitation

Coagulation, flocculation, and precipitation methods typically

isolate pollutants in sediment form by employing lime, alum, iron

salts, and polymers. Nonetheless, these substances incur relatively

high costs with a comparatively modest pollutant removal rate.

Moreover, the sediments generated through coagulation, floccula-

tion, and precipitation necessitate subsequent secondary treatment

[36,37].

2.3. Chemical technique

2.3.1. Chlorination

The components involved in chlorination typically encom-

pass cost-effective chlorine and hypochlorite. Among these con-

stituents, hypochlorite boasts the highest standard oxidation po-

tential, reaching 1.48V, followed by chlorine gas and chlorine diox-

ide at 1.36V and 0.95V, respectively [38]. The hydrolysis of chlo-

rine in water, as represented by reaction Eq. 1, delineates the

generation of hypochlorous acid (HOCl) upon dissolution in wa-

ter. Subsequently, HOCl engages with organic compounds through

mechanisms including unsaturated bond addition, electrophilic

substitution, and oxidation reactions [39]. However, this reaction

pathway often results in the formation of by-products with car-

cinogenic potential, notably haloacetic acid and trihalomethane

[40]. Furthermore, there is a potential risk associated with the in-

complete elimination of residual ECs in water.

Cl2 +H2O→HOCl+Cl− +H+ (1)

Current literature is scarce concerning the use of this technique

for pesticide pollutant treatment. Chlorination, often combined

with other methods due to its limited efficacy when employed in

isolation, has shown a compelling synergistic effect when paired

with ammonification, achieving a 50.2% degradation of ATZ within

10min. The identified intermediates suggest that ATZ degrada-

tion involves dealkylation and dechlorine-hydroxylation processes.

Comparatively, the combined ammonification and chlorination pro-

cess yields lower oxidative by-products than chlorination alone

[41]. Moreover, the amalgamation of illumination and chlorination

demonstrates effectiveness in treatment. While individual applica-

tions of illumination or chlorination struggle to sufficiently degrade

ATZ, their combined utilization achieves a 65% degradation effi-

ciency. Remarkably, this amalgamated approach circumvents inhi-

bition by natural organisms and can even benefit from compounds
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such as bromides which can be used as raw materials or interme-

diates in the preparation of certain drugs (Fig. S3 in Supporting

information) [42].

2.3.2. Ozonation

Ozone, recognized as a potent oxidizer (E0 =2.07V), surpasses

chlorine in its oxidation potential. This makes it highly effective

for purifying mobile and fluid water [43]. Upon dissolving in water,

ozone undergoes decomposition, yielding hydroxyl radicals (•OH),

pivotal for mineralizing pollutants [44]. The reaction formulas cor-

responding to this process are delineated in reaction Eqs. 2–7.

O3 + OH− → O2 + HO2
− (2)

O3 + HO2
− → HO2

• + O3
•− (3)

HO2
• → H + O2

•− (4)

O2
•− + O3 → O2 + O3

•− (5)

O3
•− + H → HO3

• (6)

HO3
•→•OH + O2 (7)

Presently, ozone has been employed for the oxidation and mit-

igation of pesticide-related compounds to some extent. Nonethe-

less, studies highlight the insufficiency of ozone’s oxidative activity

when used in isolation. Fortunately, the incorporation of catalysts

has proven effective in augmenting oxidation. For instance, the in-

tegration of a finely compounded catalyst featuring graphitic car-

bon and nitride into the oxidation system significantly enhances

the ATZ degradation efficiency by 29.76% compared to ozone ox-

idation alone [45]. Similarly, investigations reveal that while the

ATZ removal rate remains at 27% during ozone oxidation in isola-

tion, it escalates to 98% within a tourmaline ozonation system after

a 10min reaction period (Fig. S4 in Supporting information) [46].

2.3.3. Photolysis

Photolysis, leveraging both natural and artificial light sources,

facilitates the decomposition or dissociation of compounds through

direct or indirect pathways [47]. Direct photolysis entails the re-

action of pollutants with water-based groups or their sponta-

neous decomposition under ultraviolet radiation. Conversely, indi-

rect photolysis harnesses the oxidation of photosensitizers (such as

oxyradicals, hydroxyl radicals, and peroxy radicals), with the en-

tire process markedly influenced by the half-life of free radicals

[48,49]. Generally, both direct and indirect photolysis mechanisms

can concurrently take place.

Empirical evidence underscores the impact of chemical struc-

ture on the photolytic process, revealing the relatively facile degra-

dation of common photosensitive compounds [50,51]. Nonetheless,

the standalone efficacy of photolysis in degradation remains rel-

atively limited. Consequently, it is frequently complemented by

techniques involving hydrogen peroxide (H2O2) and ozone (O3).

Studies indicate that ATZ degradation efficiency reaches only 40%

in pure UV photolysis, but increases to 70% in UV/Cl2 photolysis

[52].

The aforementioned review highlights the limited efficacy of

pure photolysis in degrading pesticides’ pollutants. Consequently,

this technique finds optimal application in treating wastewater

containing photosensitive substances or characterized by low COD

concentrations, including scenarios like river water, drinking water,

and analogous contexts.

2.3.4. Electrochemical oxidation

Electrochemical treatment is essentially a conversion from elec-

trical energy into chemical energy. It is also currently used in EC

treatment [53]. In the electrochemical degradation of ATZ, utiliz-

ing boron-doped diamond as the anode (compared to a Pt elec-

trode) results in an 82% degradation efficiency after 10 h of reac-

tion [54]. When employing multi-walled carbon nanotubes coated

with binuclear iron phthalocyanine as a non-inert catalyst at the

anode, effective dechlorination of ATZ is achieved. Additionally, ATZ

degradation is markedly pH-dependent. Initially, the degradation

efficiency rises with decreasing pH values, but it begins to decline

after the pH 1.5 (Fig. S5 in Supporting information) [55].

2.3.5. Sulfate radical oxidation

Sulfate radical (SO4
•−) oxidation stands as a recently developed,

advanced oxidation technique. Its mechanism involves the activa-

tion of persulfate (PS) or peroxonosulfate (PMS) through light, heat,

or metal ions, culminating in the production of SO4
•−. This radi-

cal subsequently effectively mineralizes pollutants. Comparatively,

the oxidation process facilitated by SO4
•− is less influenced by pH

value, touting a higher redox potential (E0(SO4
•−/SO4

2−)=2.44V)

and displaying greater selectivity towards pollutants. Consequently,

the degradation process remains minimally disrupted by impuri-

ties dissolved in water, such as organisms. Moreover, SO4
•− boasts

a longer half-life in pure water than •OH (with a half-life of 40μs

for SO4
•− versus 20ns for •OH), affording extended reaction time

with the target pollutant [56].

In the degradation process of ATZ, the activation of PS by Fe2+

has demonstrated effectiveness in enhancing ATZ degradation effi-

ciency [57]. Studies have investigated various conditions to discern

the patterns and mechanisms involved in ATZ degradation. Particu-

larly, experiments were conducted using a self-developed compos-

ite material comprising graphene and nano-scale zero-valent iron

(nZVI/GR) to activate PS. The findings reveal that the 92.1% ATZ re-

moval is achieved at a mass ratio of 5:1 for nZVI/GR in 21 min (Fig.

S6 in Supporting information) [58].

Activation of PS through diverse methods yields varying activa-

tion efficiencies. Excessive PS usage introduces sulfate radicals into

the system, triggering acidification and secondary pollution.

2.3.6. Photocatalysis

Photocatalysis is a process of converting solar energy into

chemical energy [59]. Its mechanism can be described by three

steps (Fig. S7 in Supporting information):

Based on the outlined mechanism, W-TiO2/clay photocata-

lyst was successfully synthesized using a straightforward sol–gel

method. This composite demonstrates efficient ATZ removal un-

der sunlight exposure, achieving a remarkable 90% degradation ef-

ficiency within 4h of reaction [60]. Similarly, under UV irradia-

tion, Bi2O3 exhibits an impressive ATZ removal efficiency of 92.1%

within 60min [61].

The extensive discourse on photocatalytic oxidation and its in-

dustrial viability stems from its utilization of an inexhaustible

clean energy source, i.e., solar energy, to generate highly oxidiz-

ing free radicals [62]. This process exhibits promising potential for

efficiently eliminating organic pollutants from rivers, groundwater,

and drinking water. Moving forward, emphasis should be placed on

enhancing light accessibility, augmenting the oxidizing impact, en-

suring safety, and establishing efficient recycling methods for the

widely employed commercial photocatalyst (P25).

2.3.7. Homogeneous Fenton oxidation

In the late 19th century, chemist Fenton made a pivotal discov-

ery, observing the potent oxidizing ability of the combination of

H2O2 and iron against organisms. This discovery led to the term

“Fenton system” for this process [63]. Subsequent advancements

3
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were made by Barb et al., refining its reaction mechanism [64].

Building on this foundation, subsequent researchers conducted ex-

tensive studies, culminating in the establishment of the chain Fen-

ton reaction mechanism for the degradation of organic pollutants,

a widely accepted model within the scholarly community [44]. The

chain reaction equations are detailed as follows (Eqs. 8–13):

Fe2+ +H2O2 → Fe3+ +OH− + •OH (8)

Fe3+ +H2O2 → Fe2+ +H+ +HOO• (9)

Fe3+ +HOO• → Fe2+ +H+ +O2 (10)

Fe2+ + •OH→ Fe3+ +OH− (11)

H2O2 + •OH→H2O+HOO• (12)

•OH+organic pollutant→CO2 +H2O (13)

As a consequence, traditional homogeneous reactions have not

gained widespread use. Ongoing studies explore modifications,

such as incorporating photolysis into the system, resulting in a

modified photo-Fenton system that moderately enhances degrada-

tion efficiency [65]. Nonetheless, the photo-Fenton system is gen-

erally unsuitable for treating sewage with high organic content due

to turbidity, which obstructs UV penetration and radiation.

2.3.8. Heterogeneous Fenton-like oxidation

To surmount the constraints posed by traditional homogeneous

Fenton oxidation-excessive formation of iron sludge, constrained

H2O2 utilization, a limited effective pH range, and intricate cat-

alyst recycling-heterogeneous Fenton-like oxidation has emerged

[66]. This method stands out due to its capability to immobilize

metal ions with varying valence, yielding metal oxides, metals,

and solid catalysts supported or doped with metals. Developed on

the premise of solid-phase catalysts efficiently decomposing H2O2

to oxidize substances and subsequently mineralize organic com-

pounds, this technique operates based on the following chain re-

action equations (Eqs. 14–16):

≡Mn+ +H2O2 → ≡M(n+1)+ +OH− + •OH (14)

≡M(n+1)+ +H2O2 → ≡Mn+ +H+ +HOO• (15)

HOO• +M(n+1)+ → ≡Mn+ +H+ +O2 (16)

Building on previous homogeneous Fenton oxidation reactions,

Fe-based catalysts were initially explored. A composite system

of Fe(Ⅲ)-ATTP-PANI was created through vapor deposition. Un-

der a constant pH 3, 10.0 μmol/L of ATZ could be completely de-

graded within 40min, maintaining a removal efficiency of over

90% even after 6 rounds of recycling [67]. Additionally, employing

Fe-supported carbon-based catalysts derived from microplastics as

raw material achieved a degradation rate of 83% for tetracycline

(40mg/L) within 10min at a pH 4.3 [68].

While recent heterogeneous catalysts have made strides in mit-

igating issues such as heightened H2O2 consumption and challeng-

ing catalyst recycling, the present system’s efficacy remains con-

fined to an acidic environment. Concurrently, the seepage of Fe(Ⅲ)

into the solution and its adhesion to the Fe base lead to reactions

Fig. 1. Traditional water treatment technologies and their existing defects.

with OH−, resulting in substantial iron sludge formation, indicat-

ing that stability concerns within the reaction persist. Seeking fur-

ther advancement beyond Fe-based Fenton catalysts, researchers

have progressively explored diverse transition metal elements with

varying valence (e.g., Cu and Ni) to supplant Fe2+ and accelerate

H2O2 decomposition. Notably, specific studies have detailed the

synthesis of a Ni-doped composite material, FeOx (Ni@FeOx), em-

ploying a hydrothermal approach, showcasing its prowess in cat-

alyzing H2O2 decomposition. Remarkably, this catalyst achieved a

90% removal of DDT pesticide within an 8-h duration. The prin-

cipal mechanism involves the collaborative role of Ni2+/Ni0 and

Fe3+/Fe2+ in bimetallic catalysis, markedly amplifying H2O2 de-

composition and bolstering the generation of oxidizing free radi-

cals [69].

While harnessing the potential of effective environmental func-

tional materials, steadfast adherence to the “Safer-by-design” prin-

ciple remains paramount. Consequently, the future strides in

Fenton-like catalysis pivot on the quest for safer Fenton-like oxida-

tion systems, bolstering material stability, refining catalytic perfor-

mance, and ensuring adaptability across a wide pH spectrum [70].

3. A comparison between the techniques

Through the aforementioned discussion, it becomes apparent

that present biological techniques heavily hinge on microorganisms

rendering them highly vulnerable to environmental constraints.

Thus far, the identification of microorganisms exhibiting broad en-

vironmental resilience applicable across diverse practical settings

remain elusive. Furthermore, the extended timeframes required for

biological degradation render these methods impractical for emer-

gency treatments. Conversely, physical techniques facilitate the en-

richment and transfer of pollutants without achieving compre-

hensive elimination. Consequently, the transformation of employed

functional materials into hazardous waste compounds amplifies

environmental risks and incurs elevated disposal costs (Fig. 1).

Taking into account parameters like oxidation efficiency, the

extent of pollutant mineralization, and versatility, chemical tech-

niques emerge as more suitable and competitive for water treat-

ment. In consonance with the tenets of green restoration and

“Safer-by-design”, we endorse the prioritization of photocatalytic

oxidation utilizing renewable energy sources such as solar energy,
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Fig. 2. Advantages of titanium-based nanomaterials: (1) Rich reserves. (2) Environmental friendliness. (3) Similar electronic structures to Fe element. (4) The potential of

Fenton-like catalysis due to the multivalent coexistence.

as well as Fenton-like catalytic systems relying on H2O2 oxidation.

Our advocacy is grounded in the following rationale:

(1) Photocatalysis can stimulate the production of oxidizing sub-

stances purely by light, which is a type of green energy; com-

pared with SO4
•−, the final products of •OH only include H2O

and CO2, which do not cause acidification and are thus green;

(2) Both methods produce free radicals with strong oxidation ca-

pacity (such as •OH, O2
•−, 1O2), which can effectively mineral-

ize pollutants and reduce intermediates coupled with potential

safety problems if treated incompletely;

(3) Current photocatalytic materials have been successfully com-

mercialized and marketed, and Fenton oxidation based on •OH

has already been applied in sewage treatment plants. The prac-

tical experience so far and advantages contribute to a huge ap-

plication potential;

(4) The shared core of both techniques is multi-functional nanoma-

terials. And the design, manufacturing, and application promo-

tion of nanomaterials are highly expected. Admittedly, the in-

troduction of any new system will inevitably bring more chal-

lenges. In the follow-up studies, it is suggested to focus on the

simplification of material preparation, the optimization of the

efficiency, stability, and safety of the materials, and further ex-

ploration of reaction mechanism and application potential in

the environment;

(5) Advanced oxidation can also be effectively combined with bio-

logical techniques as pretreatment. By advanced oxidation, pol-

lutants are first turned into intermediates that are easy to

biodegrade and less toxic, and then further treated by biolog-

ical techniques. Another example is emergency control. During

emergencies, adsorption can control the pollution rapidly by

taking in pollutants which are then further treated by advanced

oxidation.

4. Restoration featuring environment-friendly titanium-based

nanomaterials

4.1. Advantages of environment-friendly titanium-based

nanomaterials

Building upon the earlier discussion, our objective is to identify

an element that not just satisfies the requisites of photocatalytic

oxidation but also mirrors the Fenton-like capabilities akin to Fe.

A thorough analysis of transition metal elements within the peri-

odic table reveals the vast potential of Ti element for the following

reasons (Fig. 2) [71-73]:

(1) Similar electron structures: Ti and Fe belong to the fourth pe-

riod elements, and their extranuclear electron structures are

similar;

(2) Variable valence: Ti has variable valence ranging from 0 to +4

(0 for Ti foil, +2 for TiO, +3 for Ti2O3, +4 for TiO2), and thus

has a potential for Fenton-like catalysis;

(3) Rich reserves: China has the world’s largest titanium ore re-

serves. They are estimated to be 200 million tons, which is 61

times as large as the copper reserves in the earth’s crust;

(4) Environmental friendliness: Ti is recognized as a bio-friendly

element, and commercial products containing Ti have already

been widely seen in people’s lives (such as sunscreen and tita-

nium artificial bone).

For our future research endeavors, we will primarily focus on

investigating conventional TiO2 and innovative Ti3C2 MXene, typ-

ical Ti-based oxidizing nanomaterials, conducting comprehensive

structural, physical, and chemical analyses. Our investigation aims

to assess their effectiveness in eliminating pesticide-related emerg-

ing contaminants, identify prevailing challenges, and predict poten-

tial applications.

4.2. An overview of titanium-based photocatalytic oxidation

4.2.1. Titanium dioxide

Nano-titanium dioxide (n-TiO2) stands out among various nano-

photocatalysts for its widespread commercialization and popular-

ity attributed to its cost-effectiveness, ease of operation, and re-

markable performance. TiO2-based nanocomposite material sys-

tems have found extensive application in the photocatalytic degra-

dation of ECs from pesticides. The fundamental mechanism relies

on the semiconductor’s generation of oxidizing free radicals upon

light exposure, facilitating the mineralization of pollutants [74].

Nevertheless, its extensive industrial utilization remains limited by

challenges such as a wide band gap, high recombination rate, and

low quantum yield of electron-hole pairs [75]. Consequently, nu-

merous methods have been devised to address these inherent lim-

itations.

Doping with metallic or nonmetallic elements, independently

or combined, stands as an effective strategy to enhance its photo-

response. This method effectively reduces the band gap, facilitating

catalysis even under low-energy visible or infrared light [76-78].

5
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Fig. 3. Various strategies to improve the photocatalytic performances of Ti-based nanomaterials. (a) Doping regulation. Reprinted with permission [77]. Copyright 2015,

Elsevier. (b) Heterostructures. Reprinted with permission [85]. Copyright 2017, Elsevier. (c) Structural design. Reprinted with permission [59]. Copyright 2021, Elsevier. (d)

Defect regulation. Reprinted with permission [92]. Copyright 2011, American Association for the Advancement of Science.

Notably, nitrogen and tungsten doping introduce a new donor level

beneath the material’s conduction band, inducing a bathochromic

shift towards visible light and significantly amplifying its photocat-

alytic prowess [79]. Photocatalytic activity measurements indicated

a significant increase in atrazine degradation, achieving 90% within

4 h of visible light irradiation, compared to only 40% degradation

using pristine TiO2 [60]. Furthermore, carbon serves as a photosen-

sitizer, heightening the material’s absorption and responsiveness to

visible light. Additionally, C-doping creates surface states that fur-

ther narrow the band gap [80] and the addition of F element could

also create more quantity of active {001} crystal facet. These effects

are more favorable for the degradation of atrazine pesticides [81]

(Fig. 3a).

Recent findings suggest that constructing heterostructures sig-

nificantly enhances the separation rate of photo-generated elec-

trons and holes, thereby bolstering the photocatalytic activity of

semiconductors [82-84]. Various studies have successfully expe-

dited the transfer rate of photo charges at interfaces through het-

erojunction design, yielding efficient visible-light active photocat-

alysts such as C-TiO2/C3N4 [85] and heterojunction microspheres

comprising g-C3N4/Ag/TiO2 [86]. However, integrating additional

components substantially inflates production costs. Hence, it would

be more advantageous to develop heterostructures within the

same material. It has been demonstrated that the separation rate

of photogenerated electrons and holes can be optimized by adjust-

ing the ratio of anatase to rutile in titanium dioxide. The highest

atrazine degradation efficiency, 94.7%, is achieved in 180 min when

the rutile content is 11.6% (Fig. 3b) [87].

Adapting and controlling the structure offers a promising so-

lution. Crafting a three-dimensional lamellar porous configuration

significantly amplifies the material’s specific surface area, enhanc-

ing its ability to adsorb pollutants. This structural design serves a

dual role: augmenting light reflectivity and refractive index within

the pores, thereby intensifying light usage, while simultaneously

shortening the path for photo-generated electrons and holes to

reach the material’s surface. This shortened distance reduces the

likelihood of bulk phase recombination and facilitates the direct

mineralization of pollutants on the surface. It often involves inter-

actions with surface-bound molecules like O2, fostering oxidation

[88]. In addition, atrazine can strongly bind with Ti4+, –O or –OH

groups present on the TiO2 surface (Fig. 3c) [89].

Beyond established methods like doping and structural adjust-

ment, a contemporary approach called defect regulation has sur-

faced in recent years [90]. This technique involves precise adjust-

ments to the atomic coordination number and electronic structure

of the catalyst. Through this method, defect regulation fine-tunes

the band gap of photocatalytic nanomaterials, enabling height-

ened utilization of both visible and infrared light spectrums. This

process concurrently accelerates electron transfer rates, facilitating

more efficient redox reactions [91]. Research indicates that defec-
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tive titanium dioxide demonstrates superior performance in de-

grading pollutants (Fig. 3d) [92].

4.2.2. Transition metal carbide/nitride (MXene)

Since its inception in 2011, Ti3C2Tx, a two-dimensional tran-

sition metal carbide/nitride (MXene), has showcased remarkable

developmental potential across its synthesis, characterization, and

practical applications [93,94]. Currently, more than 70% of MXene

research concentrates on Ti3C2Tx, establishing it as nearly synony-

mous with MXene materials. The general formula Mn+1XnTx de-

fines MXene, wherein M represents the transition metal, X signi-

fies carbon or nitrogen, n varies from 1 to 4, and Tx designates the

functional groups (e.g., –OH, –F) present on the outermost layer of

the transition metal [95].

In recent years, the utilization of MXene-based materials has

surged in the domain of photocatalytic degradation of pollutants

owing to their substantial specific surface area, high conductivity,

hydrophilicity, and adaptable properties [96]. Investigations have

revealed Ti3C2Tx’s proficient adsorption of the cationic dye methy-

lene blue (MB) but its limited effectiveness with the anionic dye

acid blue 80 (AB80). This disparity might be attributed to Ti3C2Tx’s

inherent negative charge, facilitating preferential adsorption of pol-

lutants bearing opposite charges. When subjected to UV irradia-

tion, notable reductions of 81% in MB and 62% in AB80 concentra-

tions were observed. However, prolonged irradiation inevitably ox-

idized Ti3C2Tx, converting it into TiO2 and causing material degra-

dation [97]. Consequently, the imperative focus remains on ad-

dressing the stability concerns of MXene-based materials.

The degradation efficiency of Ti3C2Tx alone falls short of ideal

standards. Thus, the creation of composite photocatalytic materi-

als by pairing Ti3C2 MXene with Ag3PO4, leveraging the expansive

surface area of Ti3C2, presents a viable approach. In the presence of

light, the conductivity of Ti3C2 facilitates swift separation of photo-

generated electrons and holes, curbing bulk phase recombination

and augmenting the production of oxidizing free radicals. Overall,

such composite photocatalytic materials exhibit promising degra-

dation efficiency against tetracycline hydrochloride and chloram-

phenicol [98].

The research on MXene-based photocatalysts is still in its early

stages. Until now, MXene has primarily served as a carrier and

cocatalyst, especially in addressing simpler pollutants like dyes.

While ongoing studies have highlighted the significant potential of

MXene-based materials, particularly exemplified by Ti3C2, there is

a critical need to further explore the inherent properties of TiO2-

based nanomaterials. Additionally, investigating techniques such

as doping, structural adjustment/control, and defect engineering

holds promise in providing controlled and efficient materials for

real-world environmental pollutant degradation systems in the fu-

ture.

4.2.3. Titanium-based metal organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are porous crystalline mate-

rials composed of metals or metal-oxo clusters and organic link-

ers. They possess excellent characteristics such as intrinsic poros-

ity, controllable size, ease of modification, and a large specific sur-

face area [99,100]. These unique structural features make MOFs

promising candidates for the adsorption and catalysis of pesticide

contaminants. Among them, Ti-based MOFs stand out due to their

low cost, non-toxicity, multifunctionality, biocompatibility, excel-

lent redox activity (transitioning between Ti3+ and Ti4+), and no-

table photocatalytic and photochemical properties [101-103].

Pesticide small molecule solvents, such as dichlorophenol (DCP)

and trichlorophenol (TCP), were studied as representative contam-

inants. The removal efficiency of DCP and TCP was up to 93.28%

and 92.19% by using mesoporous MIL-125-NH2@Bi2MoO6 core-

shell heterojunctions under visible light. This excellent photocat-

alytic performance can be attributed to the formation of core-shell

heterojunctions and surface defects, which enhance charge sepa-

ration and visible light absorption. Additionally, the mesoporous

structure provides an ample number of surface active sites and fa-

cilitates mass transfer (Fig. 4a) [104]. Similarly, a Co-based MOF

([Co3(cis-chhc)(H2O)6]n, Co-H6chhc), as activator of PMS, was in-

vestigated to degrade ATZ. Under optimal conditions (pH=5.5,

PMS=0.4mmol/L, Co-H6chhc=300mg/L, ATZ=10mg/L), the Co-

H6chhc/PMS system achieved 100% degradation of ATZ within 30

min. Co-H6chhc demonstrated superior PMS activation and recycla-

bility, maintaining a degradation efficiency of over 98% even after

5 cycles. Additionally, a fixed-bed reactor was constructed, which

maintained an ATZ removal efficiency of over 90% after 72h of con-

tinuous operation (Figs. 4b–d) [105].

4.3. An overview of titanium-based Fenton-like oxidation

Advanced oxidation processes (AOPs), employing traditional

iron-based materials to catalyze hydrogen peroxide decomposition

for in situ hydroxyl radical generation, have gained substantial

traction in environmental restoration. However, iron precipitation

remains a persistent challenge under strictly controlled acidic con-

ditions in iron-based AOPs. Addressing this hurdle, our investiga-

tion focused on activating H2O2 using non-Fe-based Fenton cata-

lysts in practical applications. These catalysts include elements ex-

hibiting diverse redox states, such as aluminum [106], chromium

[107], cerium [108], cobalt [109,110], manganese [111] and ruthe-

nium [112]. Despite this progress, acknowledging the risk of heavy

metal leakage and the necessity for a broad pH spectrum, fur-

ther advancements are imperative to develop green and efficient

Fenton-like catalysts [113].

In our prior investigations, we introduced a pioneering ap-

proach for in-situ fabricating Fenton-like nanocomposite catalysts,

capitalizing on the inherent surface defects of MXene and en-

hancing the availability of transition metal sources (Fig. 5a) [114].

Using delaminated Ti3C2 MXene as a template, we synthesized

a sequence of amorphous-carbon-supported high-density TiO1.47

nanoclusters (TiO1.47@C). Fine-tuning the preparation conditions

(10mol/L H2O2, 30 min) led to an exceptional sample yield (>97%)

through adjustments in H2O2 concentration and reaction duration.

Theoretical computations elucidated the pivotal role of surface Ti

defects on Ti3C2 MXene as active sites, manifesting rich surface

defects and Ti in diverse valence states (with an average valence

state of +2.94). Analysis via X-ray absorption fine structure (XAFS)

underscored that the in-situ oxidation of H2O2 during synthesis

induced the rupture of Ti–C–Ti bonds and the formation of cru-

cial Ti–O bonds, pivotal for the in-situ formation of nanoclusters.

The TiO1.47@C ([Ti]=0.1 g/L) showed superior reactivity to activate

H2O2 (5 mmol/L) to degrade atrazine (2.5mg/L). More than 95%

degradation efficiency can be achieved within 5 min. Unlike the

conventional Fenton system, which typically results in substantial

formation of Fe sludge post-reaction, TiO1.47@C maintained a high

degree of dispersion following degradation. Even after being left

for 15 months, no precipitation was observed in the solution. The

highly potentiated H2O2, altering the Ti valence, demonstrated re-

markable efficacy in degrading various typical ECs (e.g., tetracycline

and p-nitrophenol. The chain reaction equations are detailed as fol-

lows:

Tiδ+
Low + H2O2 → Tiδ+

High + OH− + •OH (17)

Tiδ+
High + H2O2 → Tiδ+

Low + H+ + HOO• (18)

where, the Tiδ+
Low denotes the low-valence state, the Tiδ+

High de-

notes the low-valence state.
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Fig. 4. (a) Illustration of the visible light-driven photocatalytic mechanism of NH2-MIL-125(Ti)@Bi2MoO6 core-shell heterojunctions. Reproduced with permission [104].

Copyright 2019, Elsevier. (b) Long-term experiments on ATZ removal. (c) Degradation performance of different pollutants (e.g., tetracycline (TC), enrofloxacin (ENR) and

bisphenol A (BPA)) in Co-H6chhc/PMS system. (d) Photograph of the fixed-bed device. Reaction conditions: ENR, TC, BPA=10mg/L, initial pH=5.5, PMS=0.4mmol/L, Co-

H6chhc=300mg/L. Reprinted with permission [105]. Copyright 2023, Elsevier.

The method demonstrates universal applicability across diverse

materials within the MXene family, including V2C, Nb2C, and re-

lated compounds. Our study significantly broadens the environ-

mental potential of MXene-based materials, enabling the compos-

ite anchoring of nanoclusters onto carbon substrates. This pro-

cess facilitates the in-situ synthesis of highly active nanoclusters

while effectively mitigating potential environmental risks associ-

ated with material leakage during treatment. Additionally, through

concrete examples, we have outlined “Safer-by-design” strategies

for the production of two-dimensional nanomaterials, presenting

an innovative approach for the efficient treatment of ECs, such as

endocrine disruptors and antibiotics. In addition to H2O2 as an oxi-

dizing agent, peroxymonosulfate [115] and peroxyacetic acid (PAA)

[116,117] are discussed in detail. PMS facilitated the degradation

of ATZ in the durable hollow core-shell TiO2@LaFeO3/PMS system

by acting both as an electron trapper and a radical precursor. This

dual function enabled efficient capture of photogenerated charges

by PMS, initiating the production of reactive oxygen species. Ad-

ditionally, photogenerated electrons from the photocatalyst inter-

acted with PMS, breaking the peroxide bond to form SO4
•−. How-

ever, SO4
•− was not the primary oxidant in this system. Instead,

PMS primarily promoted the continuous extraction of photogen-

erated electrons through three-dimensional channels. This process

inhibited electron-hole recombination and minimized energy loss

during photocatalysis, thereby extending the lifetime of photogen-

erated charge carriers. As a result, more holes were available for

the generation of •OH radicals, enhancing the removal of ATZ (Fig.

5b) [118]. Similar catalytic mechanisms were similarly discussed in

photo-fenton catalysis (Fig. 5c) [65]. More interestingly, a nonrad-

ical oxidation process induced by Ti-peroxo complex was further

discussed, which showed a higher specificity toward the degrada-

tion of tetracycline antibiotics (Fig. 5d) [119]. Nonradical oxidative

pathways may serve as a favorable complement to free radical cat-

alytic pathways.

5. Outlook

Significant strides have been achieved in constructing, enhanc-

ing catalytic efficiency, and conducting mechanistic studies of ad-

vanced oxidation systems using eco-friendly nanomaterials. How-

ever, pivotal challenges persist, warranting further examination in

future research:

(1) The experimental pollutant concentrations often exceed mg/L,

surpassing typical environmental levels. Future studies ought to

target trace pollutants inherent to natural environments, while

addressing the impact of common ions and humic acids on re-

action systems;

(2) Present experiments commonly focus on degrading individual

pollutants in laboratory water settings. Future investigations

8
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Fig. 5. Ti-based Fenton-like processes. The H2O2-induced Fenton-like reactions (a) and peroxymonosulfate process (b). Reproduced with permission [114]. Copyright 2023,

National Academy of Science. Reprinted with permission [118]. Copyright 2022, Elsevier. (c) Photo-Fenton catalysis. Reproduced with permission [65]. Copyright 2018, Royal

Society of Chemistry. (d) Nonradical oxidation process. Reprinted with permission [119]. Copyright 2023, Elsevier.

should delve into the simultaneous degradation of multiple pol-

lutants within a composite system. Furthermore, evaluating wa-

ter samples from natural environments can effectively assess

the practical feasibility of implementing this reaction system in

real-world scenarios;

(3) The design of materials should be closely focused on tackling

the actual environmental issues, which means that the EFMs

should be designed according to actual needs with special at-

tention paid to the stability of materials;

(4) In future, more in-depth data processing and analysis tech-

niques are required for in-situ observation and characterization

of catalyzed reactions, preferably combined with in-situ XAFS,

infrared, Raman, and other techniques;

(5) Efforts towards integrating diverse computational models de-

mand attention. Recent observations highlight shifts in the

bonding energy of pollutants upon surface absorption onto ma-

terials. Relying solely on the Gaussian model for simulating pol-

lutant bond breakage lacks precision due to these alterations.

An integrated approach that melds Gaussian and VASP models

is crucial. Additionally, employing theoretical calculations effec-

tively can significantly enhance their alignment with actual ex-

perimental data;

(6) Heightened attention should be devoted to the potential envi-

ronmental risks presented by materials, pollutants, and reaction

intermediates. The design and utilization of materials should

inherently embody the principles of “Safer-by-design” and

“Sustainable-by-design”. The “Safer-by-design” strategy strives

to develop materials that are less toxic and more envi-

ronmentally friendly during the design phase of innovation.

“Sustainable-by-design” extends this approach, integrating sus-

tainability considerations into materials/products and their as-

sociated processes throughout the entire life cycle;

(7) In future research, it is imperative to assess the utility of en-

vironmentally functional materials from a holistic standpoint,

encompassing comprehensive analyses such as cradle-to-cradle

life cycle assessment, economic evaluation, carbon footprint

analysis, and other strategic means of effective utilization.
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